PUMA, a key mediator of p53-induced apoptosis, is a BH3-only domain proapoptotic protein that localizes to mitochondria and interacts with antiapoptotic Bcl-2 and Bcl-X L . Recent evidence implicates Bax to be an important mediator of PUMA-activated apoptotic signals. We have previously demonstrated that Bax deficiency significantly affects thapsigargin (TG)-mediated endoplasmic reticulum calcium pool depletion-induced apoptosis. We now present evidence that TG upregulates PUMA expression and that although Baxdeficient cells exhibit resistance to TG, Bax deficiency does not attenuate TG upregulation of PUMA expression. Furthermore, TG transcriptionally upregulates PUMA expression in a p53-independent manner and that PUMA-deficient cells are more resistant to undergo TG-induced apoptosis than the PUMA-proficient counterparts. Thus, our results demonstrate that TG engages PUMA and Bax for full transduction of apoptotic signals and both PUMA and Bax appear to exist in the same TG-activated apoptotic pathway in which PUMA may reside upstream of Bax.
Introduction
PUMA (p53 upregulated modulator of apoptosis), also known as bbc3 (Bcl-2 binding component 3), is a recently identified p53 downstream target gene. [1] [2] [3] It is a direct transcriptional target of p53 that is also regulated by DNA damaging agents in a p53-dependent manner and has also been found to be regulated in response to serum withdrawal as well as treatments with dexamethasone, tunicamycin and thapsigargin (TG). [3] [4] [5] PUMA encodes a BH3 only domain proapoptotic protein that localizes to mitochondria and interacts with antiapoptotic Bcl-2 and Bcl-X L (1) (2) (3) . It is now well established that the tumor suppressor p53 predominantly functions as a transcription factor and mediates its effects by inducing growth arrest and/or apoptosis (reviewed in Sheikh and Fornace Jr, 6 Vousden and Lu, 7 and Hofseth et al. 8 ). p53 mediates its apoptotic effects by transcriptionally activating the expression of proapoptotic genes, some of which include Bax, NOXA, PUMA and DR5, whose products modulate the intrinsic and extrinsic pathways of apoptosis (reviewed in Hofseth et al. 8 ). Although each p53-regulated proapoptotic protein is believed to play some role in mediating p53-induced apoptosis, PUMA has garnered particular attention in this regard. For example, gene knockout studies have revealed that DNA damage-induced p53-dependent apoptosis is severely diminished in PUMA-deficient cells. [9] [10] [11] Based on these findings, it has been proposed that PUMA is a key mediator of p53-dependent apoptosis.
Several lines of recent evidence suggests that Bcl-2 family members such as Bcl-2, Bak and Bax appear to modulate apoptosis that is induced in response to alterations in intracellular Ca 2 þ homeostasis (Kim et al., 12 Nutt et al. 13 and reviewed in Sheikh and Huang 14 ) . According to some studies, Bcl-2 by decreasing the ER Ca 2 þ load and mitochondrial Ca 2 þ uptake appears to protect cells from apoptosis. [15] [16] [17] By contrast, Bax and Bak overexpressioncoupled increases in the ER Ca 2 þ load promote Ca 2 þ transfer from the ER to mitochondria, and thus favor apoptosis. 13, 18 Consistent with these data, Bax and/or Bakdeficient murine cells are found to exhibit lower ER Ca 2 þ load and relative resistance to apoptosis induced by certain agents. 18 Bax and Bak double knockout (DKO) cells albeit proficient in transferring Ca 2 þ to mitochondria appear to exhibit low ER Ca 2 þ contents. 19 It is noteworthy that although Bcl-2 is believed to protect from apoptosis by decreasing the ER Ca 2 þ load and Bax/Bak to promote apoptosis by increasing the ER Ca 2 þ load, excessive ER Ca 2 þ pool depletion also proves detrimental. For example, mutual interactions between cytochrome c and inositol 1, 4, 5 triphosphate receptor (InsP 3 R) have been reported that are believed to amplify the apoptotic signals. 20 InsP 3 R is an ER membrane protein responsible for promoting ER Ca 2 þ release into cytosol. It has been proposed that a feed-forward mechanism exists such that early in apoptosis cytochrome c and InsP 3 R interactions promote further releases of Ca 2 þ from the ER into cytosol and subsequent excessive release of cytochrome c from mitochondria, thereby further amplifying the apoptotic effects.
PUMA is a newer member of the Bcl-2 family and, thus, very little is known about its role in apoptosis that is induced in response to alterations in intracellular Ca 2 þ homeostasis. TG is a sesqueterpene lactone that perturbs calcium (Ca 2 þ ) homeostasis by inhibiting the ER Ca 2 þ ATPases. 21 Inhibition of the ER Ca 2 þ ATPases following TG treatment interrupts the re-uptake of cytosolic Ca 2 þ into the ER, and thereby promotes increased levels of Ca 2 þ in cytoplasm and depletion of Ca 2 þ within the ER. 21 It is now well documented that perturbations in intracellular Ca 2 þ homeostasis due to alterations in the ER Ca 2 þ contents and Ca 2 þ movement between the ER and mitochondria profoundly affect cellular sensitivity to apoptotic stimuli. 15, 20, 22, 23 In fact, excessive ER Ca 2 þ pool depletion mediated by TG is believed to induce 'ER stress' that triggers apoptosis.
We have recently reported that TG activates the death receptor 5 (DR5) pathway by increasing DR5 expression, and that DR5 and mitochondrial pathways crosstalk via TGinduced Bid cleavage. 24 We also used Bax-proficient and -deficient HCT116 human colon cancer cells, and found that Bax deficiency confers resistance against TG-induced apoptosis. 25 We further noted that although Bax was not absolutely required for DR5-dependent signals, it was nevertheless a key molecule in TG-regulated mitochondrial events. 25 Recent evidence implicates Bax to be a critical mediator of PUMAdependent apoptosis. 11, 26 For example, PUMA has been reported to promote Bax translocation from cytosol towards mitochondria, where Bax affects mitochondrial permeability transition and consequent cytochrome c release. 26 Furthermore, overexpression of exogenous PUMA does not induce apoptosis in Bax-deficient cells. 11 Together these findings implicate PUMA to reside upstream of Bax and that Bax could be a key downstream effector of PUMA-mediated apoptotic signals. In view of our recent findings that Bax plays an important role during TG-induced apoptosis 25 and the finding that PUMA and Bax appear to be intimately linked, 11, 26 we undertook this study to explore the molecular basis of mutual interactions between Bax and PUMA during TG-mediated apoptosis.
Results
We utilized Bax/PUMA-proficient, Bax-deficient and PUMAdeficient HCT116 human colon cancer cells 11, 27 to investigate TG-mediated apoptosis and as shown in Figure 1 , PUMAdeficient or Bax-deficient cells are more resistant to undergo TG-induced apoptosis than the Bax/PUMA-proficient counterparts. The extent of resistance to TG-induced apoptosis displayed by PUMA-deficient cells is somewhat similar to that noted for Bax-deficient cells (Figure 1 ; He et al. 25 ). Next, we investigated TG regulation of PUMA and Bax, and as shown in Figure 2 , TG upregulates PUMA protein levels in both Baxproficient and -deficient cells, but the effect is more pronounced in Bax-deficient cells. TG on the other hand does not affect Bax levels in either Bax and PUMA-proficient or PUMA-deficient cells. As expected, PUMA-deficient and Bax-deficient cells do not exhibit PUMA and Bax expression, respectively ( Figure 2 ) (Bax/PUMA-proficient refers to cells with Bax and PUMA intact; Bax-deficient cells have PUMA intact whereas PUMA-deficient cells have Bax intact). Together, these results suggest that (i) Bax or PUMA deficiency confers resistance to TG; (ii) TG upregulates PUMA expression but does not affect Bax levels and (iii) although Bax-deficient cells exhibit resistance to TG, Bax deficiency does not prevent TG upregulation of PUMA expression.
As mentioned above, we have previously shown that Bax deficiency conferring resistance to TG also affects TG regulation of intracellular apoptotic molecules. 25 Since PUMA-deficient cells exhibit resistance to TG-induced apoptosis, we therefore investigated the effect of PUMA deficiency on TG regulation of extrinsic and intrinsic pathways of apoptosis. To this end, we used PUMA-deficient and Figure 1 Thapsigargin (TG)-induced apoptotic effects in Bax/PUMA-proficient and Bax-deficient and PUMA-deficient cells. Bax/PUMA-proficient or -deficient HCT116 cells were treated with 100 nM TG for approximately 24 h and processed for apoptosis detection as we have reported previously. 23, 24 The values represent mean7S.E.M. of three independent experiments Figure 2 Western blot analyses to show the effects of thapsigargin (TG) on PUMA and Bax protein levels. Bax and PUMA-proficient, Bax-deficient and PUMA-deficient cells were either left untreated or treated with 100 nM TG for approximately 24 h and then harvested for Western blot analysis. Western blotting was performed as described in Materials and Methods and same blot was sequentially probed with anti-PUMA and anti-Bax antibodies. The same blot was also probed with anti-b-actin antibody to ensure comparable loading proficient cells and the results shown in Figure 3 indicate that TG clearly induces caspases 8, 3 and 9 activation as well as Bid cleavage in PUMA-proficient cells (Figure 3a , lane 2), but its effect on these molecules is less pronounced in PUMAdeficient cells (Figure 3a, lane 4) . The release of cytochrome c from mitochondria into cytosol is an important step in the activation of intrinsic pathway of apoptosis (reviewed in Wang 28 ). Next, we investigated the effect of TG on the release of cytochrome c from mitochondria into cytosol in PUMA-proficient and -deficient cells. The cytosolic fractions from untreated and TG-treated PUMA-proficient and -deficient cells were prepared and analyzed and as shown in Figure 3b , TG clearly induces the release of cytochrome c into cytosol in PUMA-proficient cells, but its effect is significantly blunted in PUMA-deficient cells. Overall, the TG effects on PUMA-deficient cells are similar to those obtained for Baxdeficient cells except that Bax-deficient cells exhibit complete abrogation of cytochrome c release into cytosol. 25 Together these results coupled with our findings that TG upregulates PUMA expression even in Bax-deficient cells ( Figure 2 ) would support the notion that TG modulates mitochondrial apoptotic events via PUMA and Bax, and that PUMA may reside upstream of Bax in this pathway.
PUMA has been reported to promote Bax translocation from cytosol towards mitochondria where Bax affects mitochondrial permeability transition and consequent cytochrome c release. 26 Although our results implicate PUMA to reside upstream of Bax during TG-induced apoptosis, the effect of TG on intracellular Bax translocation is not known. Next, we sought to investigate how TG would affect intracellular Bax distribution. To this end, we transiently transfected MCF-7 cells with pEGFP-Bax expression vector that expresses GFPtagged Bax. Following overnight expression of GFP-tagged Bax, a majority of the cells exhibited a diffuse-type distribution pattern for Bax (Figure 4a , panel 3, arrowheads) while some cells also displayed a punctate distribution pattern (Figure 4a , panel 3, arrow). These GFP-Bax distribution patterns were TG enhances the accumulation of PUMA protein levels ( Figure 2 ) but the mechanism is not known. TG could enhance PUMA protein levels via upregulation of PUMA gene expression and/or via alterations in translational/post-translational controls. To investigate whether TG upregulates PUMA gene expression, we performed Northern blot analyses. Results shown in Figure 5 clearly indicate that TG upregulates PUMA mRNA levels in both Bax-proficient and -deficient cells and consistent with results noted at the protein levels, the effect is more pronounced in Bax-deficient cells (Figure 2 ). We also investigated TG regulation of PUMA in other cell lines including MCF-7, and H1299 human breast and lung cancer cells respectively and as shown in Figure 6a and b, TG also upregulates PUMA mRNA as well as protein levels in these cell lines. MCF-7 cells harbor wild-type p53 whereas H1299 are p53-null cells. The finding that TG upregulates PUMA levels in these cell lines would suggest that TG regulates PUMA expression in a p53-independent manner. To further confirm that TG upregulates PUMA in a p53-independent manner, we utilized p53 wild type and p53-null HCT116 isogenic cells that differ only with respect to p53. As shown in Figure 6c and d, TG also upregulates PUMA mRNA and þ / þ and p53 À/À HCT116 cells. Cells were either not treated or treated with TG 100 nM for 24 h and Western blotting was performed using an anti-PUMA antibody as described in Materials and Methods. The same blot was also probed with anti-b actin antibody to show comparable loading in each lane Endoplasmic reticulum calcium pool depletion and PUMA regulation X Luo et al protein levels in p53 wild type and null HCT116 isogenic cells which further confirm that TG upregulates PUMA expression in a p53-indepenent manner. Etoposide is known to upregulate PUMA expression in a p53-dependent manner and the fact that it upregulated PUMA expression only in p53 wild-type cells but not in p53 null cells (Figure 6c ) further highlights the specificity of TG effect on PUMA regulation.
p73 is a p53 homolog that has been reported to regulate a number of p53 target genes. p73 has also been reported to upregulate PUMA expression, 26 and thus it was possible that in p53-null cells TG could promote PUMA upregulation via p73. To rule in or rule out this possibility, we utilized p53-null Saos-2 cells, which are also believed to lack p73. 26 Saos-2 cells were treated with TG and Northern blot analyses were performed to evaluate the effect on PUMA expression. As shown in Figure 7a , TG also upregulates PUMA expression in Saos-2 cells that lack both p53 and p73, a finding that confirms that TG-mediated PUMA upregulation occurs in a p53 and p73-independent manner.
TG is known to increase intracellular Ca 2 þ levels by depleting the ER Ca 2 þ pools. Ionomycin on the other hand is believed to promote increases in intracellular Ca 2 þ levels via a different mechanism. We therefore sought to investigate whether ionomycin an agent different from TG affecting intracellular Ca 2 þ homeostasis would also regulate PUMA expression. Results shown in Figure 7b indicate that indeed ionomycin also upregulates PUMA expression. Taken together our results indicate that PUMA upregulation is not restricted only to TG but is a general cellular response to alterations in intracellular Ca 2 þ homeostasis. Given that TG upregulates PUMA mRNA levels, it is possible that TG may increase PUMA gene transcription or modulate PUMA mRNA stability or both. To gain further insight into the mechanism of TG regulation of PUMA mRNA levels, we sought to investigate TG regulation of PUMA promoter expression. To this end, we sequenced the 2104 bp 5 0 -flanking region of PUMA gene promoter and as illustrated in Figure 8a , the 2104 bp 5 0 -flanking region corresponding to PUMA promoter harbors five NFAT and two CREB (cAMP response element-binding protein) binding sites. The transcription factors NFAT and CREB are known to be activated via calmodulin (CaM)-dependent signaling pathways in response to increases in the intracellular Ca 2 þ levels.
30,31
We therefore reasoned that TG could transcriptionally upregulate PUMA expression and that TG-mediated increases in the intracellular Ca 2 þ levels might regulate PUMA gene expression via activation of these transcription factors. To further explore this issue, we investigated the TG effect on PUMA gene promoter activity. We utilized a reporter construct carrying the 2104 bp PUMA promoter sequence placed upstream of a promoter-less luciferase gene hereafter denoted as pGL-Full. We also generated various deletions of the PUMA promoter region as schematically illustrated in Figure 8b . Next, we used p53-negative DU145 prostate cancer cells to transiently transfect with PUMA promoter luciferase reporter constructs and evaluated TG effect on PUMA promoter-luciferase activity. Results shown in Figure 8c indicate that TG clearly increases PUMA promoter-luciferase activity from pGL-Full construct. Deletion of the distal 1094 nucleotides removing four NFAT and one CREB binding sites (pGL-1010) does not affect TG regulation of PUMA promoter activity (Figure 8c) . Removal of the remaining CREB and NFAT sites (pGL-697) only partly reduces TG responsiveness but does not completely abolish TG enhancement of PUMA promoter regulation (Figure 8c ). These results thus indicate that TG transcriptionally upregulates PUMA expression and may involve NFAT and/or CREB-dependent and -independent mechanisms.
Discussion
Recently, PUMA has garnered significant interests as a key mediator of DNA damage and p53-induced apoptosis. [9] [10] [11] Overexpression of exogenous PUMA in Bax-deficient cells does not induce apoptosis, a finding that has led to the proposal that engagement of Bax is an obligatory step in PUMA-mediated apoptosis and that PUMA appears to reside upstream of Bax. 11 PUMA has been reported to promote Bax translocation from cytosol towards mitochondria where Bax affects mitochondrial permeability transition and consequent cytochrome c release. 26 These findings also implicate PUMA to reside upstream of Bax. Our current results indicate that PUMA appears to also play an important role in TG-mediated Endoplasmic reticulum calcium pool depletion and PUMA regulation X Luo et al Ca 2 þ pool depletion-induced apoptosis. For instance, PUMAdeficient cells are less sensitive to TG-induced apoptosis than the PUMA-proficient counterparts, and that the extent of TG-resistance in PUMA-deficient cells is similar to that noted for Bax-deficient cells. 25 Our results also indicate that TG upregulates PUMA expression in both Bax-proficient anddeficient cells and although Bax-deficient cells exhibit resistance to TG, Bax deficiency does not attenuate TG upregulation of PUMA expression. In fact, Bax-deficient cells exhibit a stronger TG-induced upregulation of PUMA than the Bax-proficient counterparts. It is possible that cells by mounting a stronger upregulation of PUMA may attempt to compensate for Bax deficiency in response to TG-induced apoptosis. Thus, mutual interactions between Bax and PUMA seem to also exist during TG-induced apoptosis. Taken together, our results indicate that Bax and PUMA appear to exist in the same apoptotic pathway activated by TG and support the notion that PUMA seems to reside upstream of Bax in this pathway.
Our present results demonstrate that TG upregulates PUMA expression in a p53 and p73-independent manner. Our results further indicate that TG upregulates PUMA expression, at least in part, at the transcriptional level. PUMA promoter harbors several NFAT and CREB binding sites. The transcription factors NFAT and CREB are known to be activated in response to increases in the intracellular Ca 2 þ levels. 30, 31 However, the finding that the removal of all NFAT and CREB sites from the PUMA promoter (pGL-697) only partly reduces TG responsiveness but does not completely abolish TG enhancement of PUMA promoter activity ( Figure  8b and c) indicates that TG transcriptional upregulation of PUMA expression may involve NFAT and/or CREB-dependent and -independent mechanisms.
Transcriptional upregulation of the mammalian glucoseregulated protein (grp) genes including grp78, grp94 and ERp72 has also been reported to occur following TG-induced depletion of intracellular ER Ca 2 þ stores. 32 The promoters of these genes have been found to harbor unique cis-acting elements named ERSEs (ER stress response elements) that confer TG regulation. 32 ERSE is a tripartite conserved sequence CCAAT(N9)CCACG (where N is GC rich 9 bp region). 32 A second cis-acting element carrying the nucleotide sequence ATTGG-N-CCACG has also been identified. 33 Named ERSE-II, this element is present in the promoter of human Herp gene and is also responsive to TG. 33 Sequence analysis of the TG-regulated minimal PUMA promoter does not identify any ERSE-like elements, indicating that TG may also regulate PUMA promoter activity via a novel mechanism.
A wealth of information now suggests that defects in apoptosis regulation confer upon cancer cells a growth advantage that appears to underlie malignant progression (reviewed in Johnstone et al., 34 Nicholson, 35 and Reed 36 ). A better understanding of the molecular mechanisms via which tumor cells acquire roadblocks to apoptosis would likely facilitate the development of better anticancer strategies. In this context, our current results show that PUMA, an important apoptotic molecule, is activated in response to TG, an agent that perturbs intracellular Ca 2 þ homeostasis. TG, transcriptionally upregulates PUMA expression and engages PUMA and Bax for full transduction of apoptotic signals. Furthermore, both Bax and PUMA appear to exist in the same TGactivated apoptotic pathway in which PUMA seems to resides upstream of Bax.
Materials and Methods
Cell lines, culture conditions and apoptosis analysis MCF-7, the human breast cancer cells, H1299, the human lung cancer cells, and Saos-2, the human osteosarcoma cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Cellgro, Meidatech, Herndon, VA, USA) supplemented with 10% fetal bovine serum (Gemini Bio-Products, Woodland, CA, USA). Human colon cancer cells,
, and HCT116 (PUMAÀ/À) (kindly provided by Dr. Bert Vogelstein, Johns Hopkins University, Baltimore, MD, USA) were maintained in MoCoy's 5A medium (Cellgro, Meidatech, Herndon, VA, USA) supplemented with 10% fetal bovine serum. For apoptosis analyses, logarithmically growing cells were treated with TG for approximately 24 h, then floating and adherent cells that exhibited morphologic features of apoptosis were detected and quantitated as previously reported. 24, 25 Northern and Western blot analyses RNA extraction and Northern blot analyses were performed as we have previously described. 24, 37, 38 Briefly, logarithmically growing cells were either not treated or treated with TG or ionomycin for approximately 24 h and then harvested. Total RNA was extracted with Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions. For each sample, 20 mg of total RNA were fractionated on 1.2% agrose gel, and transferred onto Nytran SuperCharge membranes (Schleicher & Schuell, Keene, NH, USA). RNA was . Prehybridizations and hybridizations were performed in QuikHyb Solution (Stratagene, La Jolla, CA, USA) at 651C. PUMA mRNA was detected using a cDNA probe specific for exon 4 of human PUMA gene, which was generated by a pair of primers: sense primer 5 0 ATCAATCCCATTGCA TAGGTTTAG 3 0 and antisense primer 5 0 ACTAAGGCTGGGGCGGCTTC 3 0 . The probe was labeled with 32 P by a random primer method using Prime-It RmT Random Primer Labeling Kit (Stratagene, La Jolla, CA, USA). The 32 P-labeled probe was further purified by using Centricon filter cartridges (Millipore, Bedford, MA, USA). After hybridization, membranes were washed with appropriate buffer and the signals were visualized using autoradiographic films (Marsh Bio Products, Rochester, NY, USA). Western blot analyses were performed according to the standard procedures as we previously described. 24, 37 Primary antibodies, anti-PUMA raised against a synthetic peptide PLPRGHRAPEMEPN corresponding to the C-terminal end of PUMA (AXXORA LLC, San Diego, CA, USA), Bax (Santa Cruz, CA, USA), Bid (R&D Systems, Minneapolis, MN, USA), procaspase 9 (Stressgen Biotechnologies, Victoria, BC, Canada), procaspase 8 (Stressgen Biotechnologies), procaspase 3 (Transduction Laboratory, Lexington, KY, USA), cytochrome c (PharMingen), and b-actin (Sigma Chemical, St. Louis, MO, USA) were used in detection of these proteins.
Preparation of cytosolic fractions
Cytosolic fractions were prepared as we have previously reported. 39 Briefly, PUMA proficient and deficient cells were either not treated or treated with TG for 24 h. After the treatment, cells were harvested by centrifugation at 1000 r.p.m. (GLC-2B centrifuge, SORVALL) for 5 min and washed with 1 Â cold phospate-buffered saline (PBS) once. Then cells were resuspended in 400 ml buffer A (20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM sodium EDTA, 250 mM sucrose, 1 mM sodium EGTA, 1 mM dithiothreitol, 0.4 mM phenylmethylsulfonylfluoride, 10 mg/ml aprotinin) and homogenized with 40 strokes of a Dounce Homogenizer using a B-type pestle. Cell homogenates were first centrifuged at 750 Â g for approximately 15 min at 41C, and then the recovered supernatants were centrifuged at 10 000 Â g for approximately 15 min at 41C. The resulting supernatants were centrifuged one more time at 100 000 Â g for 1 h at 41C. After this step of centrifugation, the supernatants were recovered and analyzed for cytochrome c by Western blotting.
Detection of TG induced Bax translocation
MCF-7 human breast cancer cells were transiently transfected with pEGFP-Bax 29 or pEGFP contructs using transfection reagent TransIT-LT1 (Mirus, Madison, WI, USA) as per the manufacturer's protocol. After overnight transfection, cells were washed with PBS once, and cultured with or without 100 nM TG. Cells were then washed three times with PBS and fixed with 4% paraformaldehyde at various time points. Fixed cells were further incubated with DAPI to stain the nuclei. Cells were analyzed using Olympus AX 70 fluorescent microscope and MagnaFire SP model S99810 digital camera was used to capture photomicrographs. To determine the percentage of diffuse cells, 500-1600 GFP-Bax expressing cells were randomly counted under microscope. The values represent mean7s.e.m. of three independent experiments.
Generation of PUMA promoter deletion constructs
PUMA promoter luciferase construct, pGL-Full was kindly provide by Dr. Thomas Chittenden (ImmunoGen Inc., Cambridge, MA, USA) and contains a 2 kb 5 0 -flanking region of human PUMA gene placed upstream of the promoterless luciferase gene in pGL3Luc-Basic luciferase reporter vector (Promega, Madison, WI, USA). To generate pGL-D1132, we digested the pGL-Full plasmid with SmaI restriction enzyme, which is specific to the 2 kb PUMA promoter region, and obtained a PUMA promoter deletion construct lacking 1132 nucleotides corresponding to 3 0 -end of the 2 kb full-length PUMA promote region. The pGL-1010 PUMA promoter deletion construct was also generated by digestion of the pGLFull plasmid with SpeI and EcoRI restriction enzymes, which are specific to the multi-cloning site of pGL3Luc-Basic luciferase reporter vector and the 2 kb PUMA promoter region, respectively. The pGL-1010 deletion construct lacks 1094 nucleotides corresponding to the 5 0 -end of 2 kb full-length PUMA promoter and contains one NFAT and one CREB sites. The pGL-697 PUMA reporter construct was generated by site-directed mutagenesis approach using QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA). Briefly, 20 ng of pGL-Full and 125 ng of each primer were mixed with reaction buffer, which contains dNTPs and Pfu DNA polymerase. Reaction was performed on a thermal cycler (Mastercycler personal, Eppendorf, Hamburg, Germany) using the following cycling parameters: 951C 1 min, 1 cycle; 951C 50 s, 601C 50 s, 681C 4 min and 40 s, 18 cycles; 681C 7 min 1 cycle. After amplification, 1 ml of the DpnI restriction enzyme (10 U/ml) was added to digest the template pGL-Full plamsids at 371C for 1 h and 2 ml of digested reaction solution was used to transform into bacteria. Positive clones were selected in the presence of antibiotic ampicillin and confirmed by sequencing. The pGL-697 construct lacks the 1407 nucleotides that correspond to the 5 0 -end of the 2 kb full-length promoter. Following primers pair was used for site-directed mutagenesis: sense primer 5 0 -TTCACAA ACAACCCTACCGCGGCTGCAGTTCTAGAGCGGCCGCT-3 0 , and antisense primer 5 0 -AGCGGCCGCTCTAGAACTGCAGCCGCGGTAGGGTT GTTTGTGAA-3 0 .
Transfections and Luciferase assays
DU145 human prostate cancer cells were transiently transfected with each of PUMA promoter luciferase reporter construct using transfection reagent TransIT-LT1 (Mirus, Madison, WI, USA) as per the manufacturer's protocol. Cells were either not treated or treated with 50 nM TG and approximately 24 h post-treatment harvested for luciferase assays. Luciferase assays were performed by standard procedures as we have previously described. 24, 38 Briefly, harvested cells were washed with 1 Â cold PBS once, then re-suspended in 50-70 ml of K 3 PO 4 solution (100 mM, pH 7.8) and lysed by three freeze and thaw cycles. Supernatants were separated from pellets by centrifugation at 16 000 Â g for 30 min and protein concentrations were measured by Bradford method. Approximately 20 mg of total protein per sample were added into 100 ml Luciferase Assay Reagent (Promega, Madison, WI, USA) and luciferase activity was measured using a luminometer (LUMAT LB 9507, Berthold Technologies, Germany).
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